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After its discovery in 1946 , the study of eleetron 

paramagnetic resonance (EPR) in solids has contributed much 

to the information concerning the energy levels lying within 
1 

few cm from the ground state of a paramagnetic system 
and the various interactions in solids. The fact that the 
EPR spectrum is very sensitive to the symmetry and strength 
of the electrostatic field acting at the site of the para- 
magnetic system furthered its study as a structural tool* 

Among the paramagnetic ions of the transition group elements, 
divalent manganese (Mn ) has been most widely studied because^ 

of its obvious advantages over other paramagnetic ions. The, 

2 + 

thesis describes the EPR studies of Nfei in single crystals 
of zinc acetate dihydrate £Zn(CH^C00)2*2H203 , ferrous ammo- ; 
nium sulfate hexahydrate £Pe(NH^)2(S0^)2*6H2C3 , nickel acetate 
tetrahydrate [Ni(CHjC00)2*4H2C5 , nickel sulfate heptahydrate : 

(NiS0^*7H20) , and magnesium sulfate heptahydrate (MgS0^*7H20).i 

f 

[ 

mvio -Fi-rpit. chanter Is a ffeneral introduction to the f 
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consists of a brief siimmary of the phenomenon of EPR, the 

■various electronic systems which can be studied by EPR, and 

the information that can be extracted from this study, This 

is followed by a chapter on the theory of EPR, consisting of 

the general theory of EPR, the crystal-field effects, and the 

spin-Hamiltonian formalism. These are restricted to the iron 

group transition elements in general, and in a few cases to 
2+ 

Mn in particular. A brief summary, of the fine structure 
2 + 

of Mn , the spin-spin and spin-lattice interactions, and the 
EPR of Mn in paramagnetic single crystals, is also contained 
in this chapter. Under the heading 'Experimental Details' 
Chapter III deals with a brief sketch of the experimental setup 
used in the study (Varian Y-4502 EPR spectrometer), a crystal 
rotating device used to rotate the crystal spatially inside 
the cavity, the simultaneous ecpuations used in the analysis 
of the spectra by spin-Hamiltonian method, and a brief report 
on the principles of the method of linear regression used to 
fit the experimental data of the linewidth variation of the ; 
Mn resonance lines with the intensity of the applied static 

magnetic (Zeeman) field. i 

i 

Chapter lY deals with the first system taken up for 

I 

study by EPR, viz., in Zn(CH^C 00)2 *2120. Although the 

unit cell of Zn(CEjG00)2*2H20 is tetramolecular, the magnetic | 
equivalency of all the four Zn ions results in the observa^ j 
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has been the reason in taking up this system to make a beginning 
into the subject and to familiarise with the experimental and 
spectral-analyses techniques. Besides the allowed ( aM = + 1, 

A m = 0) traiisitions , hyperfine-forbidden (aM = +1, Am=4;1) 
transitions ha'vo also been observed, which made it possible to 
compute the quadrupole interaction constants in the spin 
Hamiltonian. 

The primary interest in taking up the present project 

24- 

has been the study of DPR of Mn in certain paramagnetic single 
24* 2 4* 2 4* 

crystals of Fe , Ni , and Co , and to investigate the effect 

P4* P4' 

of these ions on the EPR of Mn . These paramagnetic ions (Be , 

24- 24'\ 

Ni" , and Co ) usually do not exhibit EPR at room temperature 
( 300°K) and at X-band microwave frequency {>h 9,5 G-Hz) because, 

either the spin-lattice relaxation time is very short, e.g, in 

24- 2+ 

Be and Co , or the splitting between the levels giving rise 

to EPR is much larger than the energy of the incident niCTO- 

wave field ( n. 0.3 cm” ), e.g. in Ni , The present work 

2+ 

consists of the study in single C2?ystals of salts of Be and 

24 - 

Ni . The first system in this class was Be(NH^)2(S0^)2*6H20 

24 “ 24 * 

and Chapter T describes the EPR of Mil in this S3rstem. Be 
in Be(NH^)2(S0^)2*6H20, because of its very short spin-lattice 
relaxation time, exhibits its EPR only below 20°K. ^Till 77®K, 
the lowest temperature we studied upto, no noticeable effect 
of Be^'*’ on the of has been observedj' Be(NH^)2(S0^)2* 

6H^0, which belongs to a class of isostructural compounds 
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knovfli as Tutton's salts, hps not been studied in detail for 

its crystal structure, iltbougb the space group and overall 

symmetry are same for all these Tutton's salts, different 

compounds may have different distances and orientations of 

the atoms and molecules. Hence the EPR is exnected to give 

an idea about these factors by a comparison of the spin- 

Hamiltonian const<ants of Mn in this system, with those of 
2+ 

Mn“ in other Tutton’s salts where the crystal structure is 
known completely. This has been carried out for this system. 

PHh 

The next two chapters deal with the EPR of Mn in 

single cr3^stals of salts of The (3d)® configuration 

2+ 

of Ni in an octahedral cubic field has, as its ground state, 

an orbital singlet. The interplay between the ciystalline 

field of lower-than-axial symmetry and the spin-orbit coupling 

removes the spin degeneracy also, and hence at X-band its EPR 

24 “ 

is normally not observed. Chapter VI is about the EPR of Mn 

24 “ 

in Ni(CH^G00)2* ^KgO* The characteristic spectrum of Mn has 

been observed with two magnetically ineq[uivalent sites corres- 

24 * 2 + 

ponding to the substitution of the Mn at the two Hi sites 

in the bimolecular unit cell. The additional features in the 
2 + 

Mn resonance have been a shift of the g value along the 

2+ 

principal z axis from the corresponding value of Mh in the 

iso structural, diamagnetic Mg(CH^C00)2*4-H20, and a regular 

24 “ 

increase of the linewidth of the Mn resonance lines with 
the intensity of the Zeeman field. These have been explained 
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in tcrir.r of a locol -n 
fine to tile polar I'^ft inn 


tic; li ,ld. at the sites by 11 i^”^ 

i'-root nj‘ the Zcomrji field, end the 


freaiioncy deneodonce of t’i' spin fluctuotion at room tem- 
perature - for the case V'-here the crystalline field splitting 

p4- 

of the hi' ground state spin triplet is larger than the Zeeman 
interaction, respectively, | 


Chapter VII describes the EPR study of Mn'^'^ in KiSO^* 
VHgO and MgSO^* TH^O. Here again the EPR of Mn^"*” exhibited the 
characteristic magnetic inequivalency corresponding to the 
substitution of Mn' at the four divalent cation positions in 
the tetre, molecular HiSO^'THpO and MgSO^'THpO. in addition, for 

p+ 

the system Mn in HiSO^'THpO, a g-shift and the linewidth 
variation of Mn resonance lines v^ith the intensity of the 
Zeeman field have been observed, Tbe g-shift is obtained in 

2 + 

comparison with the corresponding parameter in the EPR of Mn 
in iso structural, diamagnetic MgSO^'VHpO. 


It the end, an Appendix is given describing briefly tbe 

2 + 

theory conceiving the effect of Hi diluting ions on the 
EPR of Mn^'*'. 


Each chapter is written as to be self-contained and as 
sucb repetitions of some statements became unavoidable. At the 
end of each chapter a list of references is given. A great 
deal of the contents of Gha.pters I and II has been gathered from 
certain review articles and text books. These are given as 
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reference niiraber, in torct. fhe neine'- of the joumale are 
a'Dhreviated in accordance ••’ith the ''forld List of Scientific 
Periodicalr ' j IV Pdn. Butte rv'crths , London (1963). 
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Abstract 

A brief introduction is given to tbe phenomenon of 
electron paramagnetic resonance. A list of the electronic 
systems that can be studied by this method and the results 
one can obtain from this study are also given. 


1 
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Tlie great progress in microwave engineering on one 
lianti , and the discover^'’ of very valuable application of para- 
magnetic resonance method to the solution of certain problems 
in solid state physics, chemistry, on the other, gave a great 
impetus to the study of the field of electron paramagnetic 
resonance (EPR), EPR is the resonance absorption of micro- 
wave radiafion, usually between the ground state energy levels 
of an electronic system, under the application of an applied 
static magnetic (Zeeman) field. Paramagnetic resonance can 
be observed in systems possessing peimanent magnetic dipoles. 

The Phenomenon of EPR: 

The basic phenomenon of EPR can be understood by con- 
sidering a single electron with spin only angular momentum 
S = 1/2, The magnetic moment associated with this spin is 
given by 

y = -g( I e|h/2mc)^ 

= -gp§, (1.1) 

where g is the Lande g factor (2.0023 for spin only angular 
momentum) and p is the Bohr magneton. When this electron is 
placed in a Zeeman field !l, the two-fold degeneracy is lifted 
by the interaction of the magnetic moment y with the Zeeman 
field S. This interaction energy is given by 


E = _ il.S. 


( 1 . 2 ) 
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If v/e consider the direction of rl ac- tlie z axis, two energy 

levels arc given 'by 


‘ + 




\J t 

Z S' 


= ± 1/2- 


(1.3) 


In addition to the Zeeriian field if a weak r;ia{yietic field 
rotating with a frequ'^ncy v of amplitude cos ZTi^t is applied 
perpendiculai* to H , magnetic dipole (AS = + 1) transitions 
are induced between these levels. When the frequency v is 
varied continuouslj^, at a particular frequency v = v ^ absorp- 
tion of energy of quantum hv^ takes place betvreen the levels, 
such that 


hv = E _ E 
0 + - 

= g§H^. (1.4) 

This i,c illustrated in Eig. 1-1. Classically speaking, reso- 
nance occurs when the frequency of radiation v equals the 
larmor precessional frequency of the spin in the field 
Though the transitions -+ E and E -*■ have the same 
induced probability, the larger number of spins in the lower 
state, because of the thermodynamical distribution, results 
in a net absorption. 

Deviations from this picture of resonance occur in the 
experimental techniques adopted. Firstly, in practice it has 
been found more convenient to keep the frequency v fixed and 
vai^ the intensity of the Zeeman field. Then resonance occurs 
at a particular H = such that 


= hv. 


(1.5) 



4 





I- 1 ■ y .vMtining at .1 (ixed /iccrnan lidd , and 

the absorpSion of nib; ’•■ma radi-jlion at irequency 
correspondin'* to an <‘norgy ' K f - E 
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AIgo, instead of a rotating'; field of frequency v , an oscillat- 
ing fic.ld of the same frequency is apnlied. This is hecause 
an oscillating field is equivalent to two rotating fields in 
opposite directions (frequencies v and - v ) and the effect 
of the rotating field of frequency - v is negligibly small as 
it is constantly changing phase with the precessional motion. 

Electronic Systems- Which Exhibit EPR; 

EPR can be observed in electronic systems which have 
non-zero resultant angular momentum. These are, 

(a) atoms having an odd number of electrons, like nitrogen 
atom, 

(b) molecules with resultant non-zero gro-unrl state angular 
•momentum, like RO, 0^, 

(c) free radicals, like CH^, 

(d) color centers produced in solids, like the E centers, 

(e) metals because of conduction electrons, and 

(f) ions of the transition group elements. 

Results That Can be Obtained Prom EPR Studies: 

EPR has been most widely studied in solids, especially 

in single ■ crystals because of the useful information that can 

be obtained from the single crystal study. The concept of 

’diluting' a paramagnetic complex in an isostructural diamag- 

netic medium ’ and of forming mixed crystals with diamagnetic 
■5 

compounds,-'^ enhanced to a great extent the details obtained by 
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paramagnetic resonance studies (like the chsorvation of fine- 
structux’c and hyperfinc structure interactions). The discovery 
of EPR was followed by an extensive study st Clarendon Labora- 
tory, Oxford, in both experimental and tlicoretical aspects. The 
experimental study has been a very valuable source of informa- 
tion, and on the i.heorctical side important ideas, like the 
spin-Hamiltonian formalism, were introduced. 

The single crystal EPR studios of a paramagnetic com- 
plex have given valuable information regarding its spectrosco- 
pic properties and about the interactions affecting its reso- 
nance characteristics. Some of them are listed hereunder. 

(a) EPR studies give accurate magnitude of the levels sepa- 

i 

rated by few cm” from the ground state (falling within the 
energy of the incident microwave field) at room temperature 
( V 300°K) itself. The study of these levels by susceptibility 
measurements requires experimentation af very low temperatures 
(near liquid heli.uni temperatures, corresponding to kT "^1 cm” ) . 

(b) The decrease in the interactions between the paramagne- 
tic complexes, by diluting in a diamagnetic compound, has 
increased the details obtained by EPR studies. Thus the fine, 
hyperfine and superhyper fine interactions of the paramagnetic 
complex can be studied. EPR is one direct method of finding 
the magnitude of nuclear spin in its ground state. The study 
of hsrperfine structure led to the formulation of configuration 
mixing,^ Sometimes the interaction of the -quadrupole moment 
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of tlic mioicun with the electric field gradient CfC'i ho evaluated 
hy EPR. 

(c) The sensitivity of the ohserved EPR spectrtim to the 
symmetry and strength of the electrostatic field a,t the site 

of the paramagnetic complex provides useful information regard- 
ing the positions of the- paramagnetic complexes in single crys- 
tals, the number of preferential and 'magnetically inequiva- 
lent' sites for a given complex in a given crystal, the point , 
group symmetry in certain cases, and the . occurrence of phase 
and structural transitioUvS. 

(d) The accurate g values contribute in estimating the 
interaction with high lying levels, the nature of chemical 
bonding,-'^ and the magnetic effects of paramagnetic host ions. 

(e) The existence of covalent bonding can be directly observed 

5 

in EPR as a superstructure on the EPR transitions. Covalent 
bonding also leads to a reduction in the strength of hyperfine 
interaction. ^ 

(f) Einally, the various interactions contributing to the 
linewidth of the EPR transitions, like the spin-spin and spin- 
lattice Interactions, can be studied. 
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Abstract 

A brief theory of electron paramagnetic resonance 
is given. The crystal- field effects are included and the 
spin-Hamiltonian formalism is elaborated. These are res- 
tricted to the iron group transition element vS in general, and 

in a few cases to Ifn” in particular. A brief summary, 

2 + 

of the fine structure of Mn , the spin-spin and spin-lattice 

2+ 

interactions, and the resonance of Mn in paramagnetic 
single crystals, is also given. 



Introduction : 


The aryjlice'^ion of tl.' racti'.od of pr!.?"'ma, 5 :netlc reso- 
nance and. the d.evelopment of ulie aGsociated crystal- field 
theory have led to a good understandinc of the magnetic 
properties of ionic corapounds. Of these, considerable 
amount of work has been done in iron group and rare earth 
group ions of the transition elements. 

The phenomenon of electron paramagnetic resonance 
as exemplified by an electron v/ith spin only angular momen- 
tum has been described in Chapter I. But in general, instead 
of a spin only angular momentum, one observes both the spin 
and orbital angular momenta affecting the EPR, and also, 
more often than not, one studies the EPR of a system of elec- 
trons instead of a single electron. Thus the characteristics 
of the electronic systems vary very widely, although the con- 
dition for resonance is unchanged (magnetic dipole transitions) 
as long as the oscillating field is kept perpendicular to the 
Zeeman field. 

The contribution of both spin and orbital angular momenta 
to the magnetic moment introduces a resultant angular momentum 
^ = I + § (in the Russell-Saunders coupling approximation) in 
the place of This magnetic dipole of magnetic moment 

{T = -gpj (II. 1) 

has 2J + 1 (-J, -J+1 , ,..,+j) non-degenerate energy levels (M) 



in the Zeeman field T:, T:agneiic dinole tro-noitione are induced, 
satisfying ihe resonance condition 

3P-'o = - ®n'’ ‘ 

= ’1 . (II.2) 

If hefore the apnlicntion of the Zeeman field all the 
2J + 1 levels v/erc completely degenerate, tlie resonance between 
any two adjacent M levels would take place at a single Zeeman 
field intensity If, on the other hand, the (2J + l)-4cgene- 

racy before the a.pplication of the Zeeman field was removed 
partially or completely, the 2J (AM = + 1) transitions would 
occur at different intensities of the Zeeman field. The inten- 
sities of these transitions are given by the square of the 

magnetic dipole transition probability v/here 

1/2 

Pm m» ~ constant x | J(J+1 ) - MM'] , M’=M+1. 

' ’ (II. 3) 

Hence different Ivl -*■ M' transitions have different intensities. 

The two situations, one for which the (2J + l)-fold degeneracy 

is not removed at all and the other for which it is partially 

removed, for the case of ? = 3/2, are shovm in Pig. II-1. 

Crystal-Pield Effects: 

The study of EPR has been most fruitful in solids, 
especially in single crystals, because of its definite advan- 
tages (as mentioned in Chapter I). In this class the most 
widely studied have been the atoms of the transition elements. 




Am " i : ran.‘’J ti un?,. for lh‘j of conipleta and iiarliaJ 

dini'cfiera^' it' 5 , in the absence of the ZtH^man lieldi for J ■ 3/2* 
2D is tiie;''4mUial ut naratio.n, betw jrn the i 3/2 and 1 /2 levels* 



since these pres'-i'*'vi.' tlieir ni'iillcd. elcctrcc.ic shells in 
their ionic states. In sol.ic';:’ th.r par'^'X'.s.frn'.'tic ions o.rc 
surrounded hy various o.toir.o and inoleculef-. The coectros conic 
properties of paramagnetic ions in solids arc well explained 

by regarding the surrounding acorns and molmules as uoint 

1 2 

charges or dipoles fixed at appropriate lattice points. ’ 

These point charges or dipoles are teimed as ligands. These 
ligands produce an electrostatic field (also called as ligand 
field or crystalline field) of appropriate syrmetry and strength 
at the paramagnetic ion. The energy levels of the paramagnetic 
ion are split depending upon the symmetry and strength of the 
crystalline field. 

Wow we sha.ll consider the Hamiltonian of a paramagnetic 
ion and the effect of the crystalline field, denoted by.,^T^^^, 

The Hamiltonian of a. paramagnetic ion without the crys- 
talline field and Seeman-field interactions is written as 

= Je^ + ^3^5 -^'ss 

is the free-ion Hamiltonian, given by 

N .p . Ho 

■^P = £ (V/2k> - Ze Av) + £ (eVr.p, (II.5) 

k=1 ^ k<3=1 

where H is the number of outer electrons, is the magne- 

tic interaction between the electron spins s^ and the orbital 
angular momenta 1^, and is given by 



3 

The spin-spin interpction terp. is given ny 

D,- r^j- 

where is a nait vector along hyperfine inter- 

action consists of tv.’o tcmis, the dipolar tom 

■^‘ss = 2YPP,: X 3Cefc-Si,)(?j,-i)],(II.8) 
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and the contact term due to the s-state electrons 


qIjj — ^ (S'n:/3) 5 ( r^i^) ( s^* I) , (11,9) 

where Y is the nuclear gyromagnetic ratio, the - nuclear 
magneton, and I the nuclear spin. In addition, the electro- 
static interaction with the quadrupole moment Q of the nucleus 
gives 

JSq = Le^Q/2I(I-l)] £ -^[1(1+1) - 3(Vl)]- (11*10) 

k 

111 these three add to form i.e. 

(II- -in 

The orders of magnitudes of these interactions are,^ '^>10^ 
cm“'^,J^j^g vio^ cm"""* for the iron group ions, 3^33 '^1 cm"**, 
andJ^jj '^10“^ cm”**. Now we consider the effect of the crys- 
talline field. 


Eor the case of iron group ions, with which we are 
presently concerned, Russell - Saunders coupling is a good 
approximation and one can write 





Jt.r. - p[4(LJ<. + L..LJS,3.. - 1t,(I+1)S(S+1)1 
Jtf ^i: = (2Y6S^,j/r^) [(i’* i) + ^ L(L+1) (S- 1) 

- |C(L*S)(L*I)- 1^(1* I) (L- 3)] , 

^ (-2Y!3Sjji-:/r5)(S.I), 


ejid, 

J^-^Q = [ne2Q/2I(2I-l)r5j [5(L-I)2 ^ |(L*I) - 1(1+1) I(I+1)] . 

( 11 . 12 ) 

X is sailed the spin-orbit constant and p , ^ , and n are 
other constants. Depending on its magnitude relative to 
othe'r terms inj^"', the crystalline field interaction 
is classified into three classes. 


(a) Weaic field; This is the case when the crystalline field 
interaction is weaJeer than the spin-orbit interaction. This 
situation exists in ions of rc-re earth group, v/here the mag- 
netic 4f electrons are shielded from the crystalline field, 

2 6 

by the outer 5s 5p electrons. 

(b) Medium field; The effect of the crystalline field is grea- 
ter than the spin-orbit interaction, but is less than the mutual 
interaction between electrons. The best examples of these are 
the hydrated salts of the iron group. 

(c) Strong field: The crystalline field is of the order of 
the energy of mutual interaction between electrons. This occurs 



notably in tlic cyanidon of tbc iron groiip and i'bc Palladium 
(4d) and Platinum (5'd) {':roup. 

Tbe magnitude of relative to other trrmc in 

decides the spectroscopic gjnO magnetic proportiee of ions of 
transition group elements. It has been observed that in the 
case of iron group ions, the experimentally men.surod suscep- 
tibility agrees v/ell with the spin only contribution. This 
means that in this group, the orbital angulan momentum is 
largely quenched.^ For iron group ions '^■10'^ cm"' . 

l^hien the Zeeman field H acts on the system, the inter- 
action is given by 

= ^M^+2.0023S)*H, (11.13) 

Here we have neglected the direct interaction of H with the 
nuclear magnetic moment. For typical fields of H obtainable 
in the laboratory .(^2 cm"””*. Thus the total Hamiltonian, 

including all the interactions, is written as 

'^^Tot “ ''"^F ‘‘’''^cr 

(11.14) 

Spin-Hamiltonian Formalism; 

In EPR one is concerned only with the ground state 
manifold of energy levels of an ion, lying within few cm" . 
Hence it is more convenient, in the case of iron group ions, 
to solve the total Hamiltonian in the ground manifold 

of '■^cr consider the other terms as perturbations 
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over thin racjiifoldi Tliir raethod of reiving tiii, foriiltoni rm, 
to evoluatc tho onerf^y levels of iiitereo", It. ETR, lina been 
due to Pr^rce,^ and Abraganj and Pryce/*' 

Two causes anise, here, the ions whose ground state 
manifold in the yresence of the cr^rstalline field is orbitally 
degenerate;, and those v/hose ground state is orbitally non- 

24- 

degenerate. As we are concerned only v/ith those ions (Mn ) 
whose ground state is orbitally non-degenerate, wo have 

<oiilo> = 0, 


1 

2 


<0 l.l.+L .1. 

'id D 1 


0 > = - 11 ( 1 + 1 ) 6 -^ 


+ 1 - - 5 

ID ’ 



... (11.15) 


Also we define 


A 

1,1 


2 

n^O 


<0lli; jnXnjL .|0> 

E _E 
n o 


1,2,3, 


and 

<0 1 L . i nXn j 1 .LXI, 1 . ] 0> 

T 1 = i P 7 slLJL — . 

2 E^-E^ 

Uii = 0, i,k,l = 1,2,3. 

...(11.16) 

The order of perturbation to be carried out is limited 
by its contribution to the energy level evaluation. For the 
case where the ground state is orbitally non-degenerate, the 
second order contribution fromj^^g is comparable to the 
first order contribution of J^ 2 , hence the perturbation 
is carried out to the second order. Higher order terms are 
much small. Thus the new Hamiltonian, where only terms upto 
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the second order have been included, ic 

^'s = 2.0023B{5^.-XA.^)rT.Gj + {- )S, S . 

(11.17) 

This can be written in an abbreviated form as 

^ S = PeijIlSj + D..S,Sj + A,,S,Tj + Q. .1,13.(11.18) 

This Hamiltonian is called the ’spin Hamiltonian*. The great- 
est advantage of the spin Hamiltonian is the simplicity of 
its form, where the various interactions acting on the ion 
have been reduced to a relatively few spin-Hamilionian cons- 
tants, This spin S is called the ’effective’ or ’fictitious* 
spin, as this may not be the actual spin of the electronic 
system. When the ground state of the ion in the manifold 

orbital singlet, the actual and effective 
spins are one and the same. The effective spin is an experi- 
mentally determined quantity aud is obtained by equating the 
number of magnetic dipole transitions to 2S. 


As can be seen, g. D A.., and Q.. are all second 

-‘-0 T-3 “D 

rank tensors. The system of orthogonal axes, where these 
tensors are completely diagonal (i = j), is known as the 
principal-axes system. The principal axes are determined 
by the crystalline field acting at a particular paramagnetic 
ion. Hence these are different, for ions with different crys- 
talline environments, and even for ions with the same environ- 
ment when they are differently oriented (as is sometimes the 



case when the niimber of molecules in milt cell of a single 
crystal is more than one). orthofxonal s.' + r of principal 

axes for a particular paramagnetic ion, and the susceptihility 
axes for the lanit cell, are not related to each other unless 
either there is only one paramagnetic ion per laiit cell or 
all the paramagnetic ions in the miit cell are magnetically 
equi-valent - i.e. ’vhen all the sets of principal asces are 
either parallel or antiparallel. The magnitudes of 
etc, in the principal axes system are called the spin-Hamil- 
tonian constants or parameters, and these are evaluated from 
the EPR experiments. The usage of the same subscript twice 
(like g , etc.), is replaced, by a single subscript (g ,etc,,). 
Instead of D^, D^., and one defines D = (3/2)P^ and E = (1/2) 
(D -D,J, and similarly Q' = (3/2)Q^ and Q" - ( 1/2) (Q-Q„) .Thus, 
in the principal axes system, the spin Ramiltonian? EqXlI.18) 
is written as. 




‘t7"y y 

+ E(S.^^-S.,^^) + + A SI + 

^x y^ zzz XXX 

2 *r / "r • jt \ ^ "T 2 T 2 


S I 

y y 


+ + Q" (v^iy ) 


(11.19) 

Hereafter the word spin means the effective spin, and axes, 
the principal axes. 


It is the preferred choice of the axes for each ion, 
the extreme sensitivity of the spin-Hamiltonian parameters 
to the symmetry and strength of the crystalline field, and 



tlie wide usage of magnetically dilute ciyctelc, that has 
made the study of EPR in single crystals more information- 
rendering. We now consider the spin-Familtonian parameters 
individually. 


(a) g factor: The Lande g factor for an ion with an 
orbital angular momentum 1, spin angular m.omontui'! S, and a 
total angular momentum J is given hy 


^andc 



( 11 . 20 ) 


But it has been found that for most of the iron group ions 
in solidw'^, the contribution to the experimentally obtained 
magnetic susceptibility came mostly from spin only angular 
momentum. Thus for the paramagnetic ions in solids, a new 
g value, which obeys Eq. (II.1), is defined. This g value 
is purely an experimentally determined parameter and is 
Called the spectroscopic splitting factor, 12.00 it is seen 
from Eq. (11,19) that g is a second rank tensor, its symmetry 
being the symmetry of the crystalline field (e.g. for an 
axial crystalline field, g„ ^ g.^ " S-^r) • Even for ions whose 
groimd stave manifold in the crystalline field is an orbital 
singlet, g is not equal to 2.0023, but differs by an amount 
depending on the magnitude of 1 and A. 

(b) I) and E: In the absence of the Zeeman interaction and 
the hyperfine interactions, ID and E are a measure of the 
energy separations within the spin multiplet, indicating that 
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tile dG£;oneracy iii the absence, of the Zccraari field is not 2S+1. 
This leads to the 'fine rlrncturo'„ J) and I arc called the fine- 
structure constants. D represents axial part and E the rliom- 
bic part of the crystalline field. 

(c) A^, iy, A.^, Q* and Q": 1 symnetric sta.te li::o that of 

04. 2 + 

Mil is not expected to shov; hyperfine structure, but I'^'n , 

as also other paramagnetic ions v;ith non-sero nuclear spin, 

exhibits predominant hyperfine structure. This necessitated 

7 5 4 

the idea of configuration mixing of the 3d state with 3d 4s 

state. The detailed estimation of the hyperfine structure 

6 8 

interaction was done by Abragam et al. ’ If the Zeeman field 
is strong enough to break the coupling between the electronic 
and nuclear moments, the hyperfine structure shows up without 
affecting the positions of the fine-stiiucture transitions. 
Because of the selection rule for hyperfine transitions (4m=0, 
m=I ), the nuclear spin is readily obtained by equating the 
number of h 3 rperfine transitions to 21+1. The second order 
shift in the hyperfine separations, or the appearance of 
A m = + 1 transitions, facilitates the computation of Q* and 
Q". 

Allowed and Forbidden Transitions: 

When the oscillating field is kept perpendicular to the 
Zeeman field, the allowed electronic transitions are the mag- 
netic dipole (a M = + 1, M = S^, S^, or S^) transitions. As the 
microwave field exerts a negligible effect on the nuclear 
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monentfi, the selection rule ir.volvinp m.'elc.ar trorcl-tiorc ia 

A K = 0. IhG trajisii.loiia ( aM = + 1, A in = O) are called the 

all.owed transitionr. In addition, trrnaiticna other than 

the allov/ed ones are sometimoa observed v/hen the Zeeraai'i- field 

direction is off the axes. Transitions v-'hore All f 1 arc 

called electronic forbidden transitions. These occur dne to 

the mixing of the states with (LI-2) and oxher quantum numbers 

with the (M-1) state, due to the non-diagonal terms involving 

S S, etc.^’”'^ The A M = + 2 transitions occur at Zeeman- 
z + ~ 

field intensities about half the magnitude for ( A LI = + 1) 
transitions. Transitions involving A m 7^ 0 are called hsiper- 
fine or nuclear forbidden transitions. These occur because 
of the second order mixing of the hyperfine constant A with 
the fine structure constant. A m = + i transitions result 
in the appearance of doublets (corresponding to A m = +1 and 
Am = -1) in between the allov/ed transitions corresponding to 
M = +1/2 ^ -I/2 transition. 

Pine Structure of 


Divalent manganese has a ground state configuration 
of (5d)^ electrons and hence the ground state When 

placed in a crystalline field this orbitally non-degenerate 
ground state splits into a doublet and a quartet in cubic 
field, and into three doublets (Kramers doublets) in low symme- 
try fields."*^ This gives rise to the fine structure in the 
EPR of Mn , The theoretical prediction of the magnitude and 



of tlic fine-ctructure solittinff (D rizi'l "3) i;r;,o been of 
considerable interest since the veri' early days”' ■.’.'hen thene 
splittings were observed in the suscopt Lbil ity experiments. 
The vario'us mechanisms have been, 

(a) the spin-spin interaction and the admixtar- of the 
sta,te 3b 4s d'ue to Pryce,'^ 

(b) the spill-spin and the spin-orbit interactions between 

5 14 

the states from within the 3cl configuration by Watanabe, 

(c) the spin-orbit admixture with the excited ^ level 

>1 C 

(in a cubic field) due to Blume and Orbach, ' and 

(d) the configurational admixing by adding the axial field 

potential to the Hartree-Fock potential to obtain s-, t-, 

i 

and g- like admixtures due to Orbach et al. The magnitude 

1 7 

of these mechanisms were considered by Sharma et al. using 
the point charge model and also considering the overlap and 
charge transfer effects. The variation of cubic field splitt- 
ing of Mn' in MgO was fit by assuming the cubic field splitt- 
ing mechanism to be due to the phonon- induced crystal-field 
effects by Shrivastava. In addition,Wyboume''^ has shown 
that relativistic effects can produce second order crystal ^ 
field splitting of the S-state ions. This method was applied 
to the case of Bitn by Heuvelen, ^ 

In general, the experimental splittings have been found 
to be due to the combined effect of all these, although of 
varying magnitudes. The various Interactions, and the allowed 

"fc *rRn s 1 +; i nn s 1m 1:11^ 'RPP of* . ssmp R’hnwm in TPiir TT.^9 


m 





Free Ion hfs 


A M = 1 1 , Am * 0 Iro n s i tor 


Figv v-e|. ■<>■£; Wife gii^aimd-' statfe- cas,^ • 

' ^ '^'iO transitions:,.' Z'fS is' the'V^ ' 

&iid\hh'^dae[ta'm:h^maeMe^^ 



KraiTierr- Tlioorcr.: 
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Tlii!-; theorem steter that a p^urely elcctroctatic field 

acting on a system of odd nnnirer of electrons can not reduce 

its degeneracy helow two. This is due to the inrariance 

1 ? 

property of the system under time reversal. ' A nro-ural and 
welcome concccjuence of Zramers theorsm is that "SPR can always 
be observed in systems with, odd numbers of elections. The 

p4. p-F 

examples are Cr" , Mn , Cc , etc. 

Jahn - Teller Effect; 

Unlike Kram.ers degeneracy, whicli reta-ins a minimum 

degeneracy, Jahn-Teller effect removes the degeneracy. This 
2 1 

effect states that if the electronic sta.te of a system is 
degenerate, the geometric configuration of its nuclei can not 
be stable (except in linear molecules and Kramers oystoms) 
and hence by a lowering of the symmetip/- of nuclear configura- 
tion the degeneracy of the electronic state is lifted. The 
examples are Cu in trigonal symmetry, Co ' and Ee in cubic 
(octahedral) fields. 

Spin-Spin and Spin-Lattice Interactions: 

The paramagnetic ions (spins) in a medium (lattice) 
interact among themselves and with the medium. These inter- 
actions Cause broadening of the absorption lines. When one is 
interested in the study of the details of the interactions - 
like the crystalline field and hyperfine splitting, the 
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contrilTutions' to the liiiov/ifTlh due to tb'. Bpiu-spin and spin- 
lattice interactions is reduced. The spin-spin interactions 
arr mininized by usinfc magnetically dilute crystals, and the 
opin.-latt ice interactions bj’’ working at low teirroeratures. 

The spin-spin interaction a.cts in t\;o v.nys viz. , the 
magnetic dipolar ond the electrostatic exchange interactions. 
The dipolar interaction can be considered a.s the interaction 
between two magnetic dipoles, which sets up local magnetic 
fields in addition to the Zeeman field. This results in a 
broadening of the absorption lines. The exchange interactions 
were introduced wfhen purely dipolar interactions could not 
account for the observed linewidths - like the narrowing of 
resonance lines in the case of like spins, with decrease in 
their distance. But the exchange interactions between non- 
identical spins cause broadening of the absorption lines. 

Unlike the dipolar interactions, exchange interactions are very 
short range interactions. The spin-spin interactions are very 
little dependent on the temperature and can be reduced by 
increasing the separation between the spins, i.e. by diluting 
in a diamagnetic lattice. 

The spin-lattice interaction decides how fast the spin 
returns to thermodynamical equilibrium, by exchange of its 
energy to the lattice, after the equilibrium has been disturbed 
by the absorption of microwave energy. This exchange of energy 
takes place, in two ways. 



tra^'^cforr 


at R orbed 


('.) j-roccr;.' ■■ spar tra'^eforr t.Lc -jRjr''y 

(I'v ) lo t-'c- vilb a corrcRroiid:L?'i‘'- reread ior of a 

phono: o.>’ onoroy h v. This process is paao’oort ii.m.a?!. to the 
i f np " r.-" t.nr’. . c f ■’ h e lattice . 


(b) Tndii-^ct rroocse: lii this mechanisro a hiph frcniicncy 
phonon of £.nor£.‘y h v' is inelasticolly scattered by the spin 
v.'hicl: i’C'S’'!l ts in the creation of a phonon h v” = hv + h v 
As in this process many modes of lattice ■vibrations of high 
frequency a.rc put into action, it is predominant only at 
higher temperatures . This process is proportional to T^^ of 
the lattice. 


In addition to these, in some cases ■w.here the splitt- 
ings in crystalline fields a-re smaller than the energy of the 
phonons, as is ’^'he case in some rare earth ions, relaxation 
vi<a an intermediate state of Zeeman levels t alecs place. This 
is knowi as the Orbach process. 

The spin-lattice interaction is very much temperature- 
dependent and is reduced by v/orlcini at low temperatures. It 
has also been observed that the spin-lattice interactions is 

dependent on the separation of the first excited state of the 

22 2 + 
spin over its gro'und state. For S-state ions, like litn , 

the spin-lattice interactions are not predominant so that 

the EPR of these ions can be observed at room temperature. 



pp 


iiil'R of 


in Pp.rr.no.£^netic' Sirafrlo C.ryotali’ : 


L: tlK; pi’Oi.’On1 L 
o\. 1-110 E;FR of d-ae 

crysrplc, wiiich do not 
riirl at X-b.ond rd.crov/ave 


i.'u.dy .vve arc- Intoreoted in tlie effect, 
"i.D the pararaacciotic co.tionc of single 
exliili-l: thoir E?R at roon temperature 
frequency due to the following reason 


(o.) Tlie pairamagnrtic cations haA^c vor^r short spin-lattice 
rolaxati:n tire at the studied temperatures, so that their 
abcoi-ption linec become too v'eal and too broad to be obser-ved, 
like Fe^"^ in Fe (;'IH^) 2 (S 0 ^) 2 * 6 H 2 O. 

(b) O'he orbital and spin degeneracies of the narsmagnetic 
cations arc completely removed in the presence of the crys- 
talline field of lower-than-a.xial symmetry. 5'hi? c;in happen 
to ions having even number of outer electrons. For these cases, 
the ground state is a spin and orbital singlet and hence does 
not possess any magnetic moment. But interactions with the 
excited states introduce m*agnetic moments which are observed 
when the Zeeman field is applied. This is obtained as follows: 


The energy of the system, in the presence of the Zeeman- 

2q 

field H, is written as 


E = + W^H + ¥ 2 H^ + (11.21) 

The magnetic moment then is given by 

9E 

M = constant x 

= constant [W^ + 2 W 2 H + j. 


( 11 . 22 ) 



:!t ""'‘t 


W, - <0 ,:(1„ + ?S,,)|C>, 


(TT.?3) 


>: l<nlf(L„+ :..'S )jo>|V(E- - EJ, (IT.24) 
■,7^0 ^ 


For T]:esc syrz<;.-^‘\r = C, "but ?/p, etc. eontribyte to 

r.iiG ino.gnetic nioraer/i v;hen the I^eomer^ field Is apnliecl. The 

2+ 

cramplec of ouch ior;e are Fi ior.s in lov/er-than-axial 
f':yr!r;etr3' ci^^-s calline fields. The effect of those ions on the 

EPR of Mn'^ , and other ions has been considered in detail by 

o 97 

Moriya aiid Ob at a, ‘ and Plutchings and Wolf. " 
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DETAILS 


Abstract 

A brief description , of the exnerimental setup, tbe 
cryst'^l rotator used to rotate tbc crystal spatially inside 
th* cp.vity, the simultaneous equations used for the ana-lysis 
of the obfiorvod spectra, and the regression theory used to 
fit the uxperimwntal da,ta of linewidth variation of the 
re.sonance- linos with the intensity of the Zeeman field, is 
given. 
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?r ■ rin’t v.x ro c Midiicted oii a V-.i502 

1 

l. '.' ctr ■‘r.'.Ltci?’ r’*; fhc X-b^iid r'icrovvrive frequency 

.-■i 'n ( 9. u-::z). f. nloC: di'^.gram cf the spectrometer is 

n i’.-. Pir. TII-1. ^he Zeem'-ai field at the rite of the 
cryrdal iiiriuc tl’c cavity v/ac modulated hy 100 kHs frequency 

m. ,..'.ul'".tirr. . The. microv.'av-j output from the klystron of fixed 
fro'.runcy is locb. d to the cavity resonating frequency hy 




■’.utor'a+ic frequency control (APO) using a reference 


fr- qutney oi' 10 k;'s, Thr.s microwave output, after being atten- 
uated to the prop-r power, is divided between the two a^rms of 
p hybrid tee, one of which has the reflection cavity at its 
ond. The crystal detector is in the fourth arm on which micro- 
v/aves arc incident only when there is imbalance in the reflec- 
ted power in arms 2 and 3, due to the absorption of microwave 
pov/er by the . sample placed in the cavity. The 100 kHz modu- 
lated microwave power output, v/hich contains the EPR signal, 
is detected by means of a phase sensitive detector and recorded 
on a Varian G-14 strip chart recorder. The Zeeman field between 
the 9” magnet pole pieces is varied linearly from near zero to 
about 10 kilogauss, by means of a driving mechanism , which changes 
linearly with time the control voltage applied to the input of 
the current regulated magnet power supply. Two kinds of ref- 
lection cavities were used. 


(a) the cylindrical cavity (Tarian ^-4555) operating in the 




Block diagran; oi the EPR 
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mode for variation of tho Zeeman-field direction rela- 
tive to the crystalline axes, and 

(Td) the raultipurposc rectangnlar cavity (Varian ^-4521) 
operating in the roode for tcripera,ture variation. 

Crystal Rotator: 

The angle between the Zeeman-field direction and the 
crystalline axes can he varied by rotating the magnet about 
the vertical axis. In addition, to provide a spatial orien- 
tation, the crystal was mounted on a crystal rotator so as 
to bo rota.ted about a horizontal axis. Thus it has become 
possible by rotating the crystal within the cavity about a 
horizontal axis and the Zeeman field about the vertical 
axis, to align any desired axis of the crystal v/ith the Zeeman- 
field, without removing the crystal whenever the orientation 
has to be changed. The rotation of the crystal about a 
horizontal axis has been achieved by means of a thread and 
shaft arrangement. The crystal rotator is shown in Eig. III-2, 
Whenever the orientation of the crystal in the cavity was 
changed, the klystron was tuned to the cavity resonating fre- 
quency. 

Crystal Growth: 

The single cirystals of all the compounds in the present 
study were grown by slow evaporation of a saturated solution, 
of the particular compound and about 2 percent of the corres- 
pondijig compound by weight, in distilled water at 



Crysta 


Crystal 
Hoi dcr' 


T eflon 


Nylon 

Thread 


; te 
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constpjnt terpcraturc. Hi(CH^C00)2* 4H2O was prepared in the 

Iraboratory , while other compoiinds of the required purity 

2 + 

were purchesod. The crystals of lln -doped NiS0^‘7H20 were 

grovm from an initial compound of HiS0^*6H20 using the method 

2 

given hy Holden and Singer. The single crystals were coa.ted 
with a thin layer of petroleum jelly and paraffin oil mixed 
in the ratio 1:1 hy volume, to protect them from exposure to 
atmosphere. 

Analysis of the Spectra: 

The observed spectra of Mn^"*" (S = 5/2, T = 5/2), corres- 
ponding to AM= + 1,Am = 0 transitions, have been analyzed 
for the spin-Hamiltonian constants by fitting the resonance 
field values to the transitions between the a.ppropriate energy 
levels given by the spin Hamiltonian, Eq, (1I.19) .Y/here there 
were more than one magnetically equivalent complexes, the 
transitions along the z axis were identified by the angular 
variation of the spectrum near the z axis.-^ This is because 
the transitions corresponding to the Zeeman field parallel to 
the -z axis move less rapidly than the others. The relative 
signs of the spin-Hamiltonian constants, assuming the hyperfine 
constant A to be of negative sign, were assigned by the second 

order shift in the hyperfine separations of the various fine- 

3 

structure transitions. Depending on the magnitude of D and E 
relative to the Zeeman term and the magnitude of E- relative 
to D, the order of perturbation necessary to evaluate the 
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spin-Haniltcnian constrints is lirnited. For D and E << Zeeman- 
term, and E < D, terms "upto third order as given hy Chambers 
et al,'^ were found to be sufficient, for cur systems. These 
equations, in the units of Zeeman field, and for the Zeeman 
field along the z axis, are given here. 

a) Fine- structure transitions: 

H(M = + I + I ) = +4D+4(EVHQ)t6(EE2/H^2^ 

+ 36(d2eVHq5)+28(eVh^^), 

H(M = i I ^ ± 1 +2D-5(e2/H^)±55(DeVh^2) 

+ 45(E^e2/Hq^)-(5/4)(eVHo^), 
and H(M = ± 1 i T 1 ) = - 8 (e2/H^)+72(d2eVh^5) 

+ 56(eVHq^). 

... (III.1) 

(b) Hyperfine separations: 

2 

H(m'^m) = -ilm - m^+m(2M-1 )] . (ill. 2) 

When the Zeeman field is along x or y axis the spin Hamil- 
tonian , Eq. ( H. 19) , and accordingly the above equations, are 
modified by replaning B by (l/2)(5E-I)) and E by (_l/2)(I)+E) 
for H along x axis, and for H along y B is replaced by 
(_1/2)(B+3E) and E by (l/2)(B_E).5 

The resonance field intensities for each transition 
ware obtained by finding the resonance field value of the 
standard organic radical, diphenyl picryl hydrazil (BPPH) . 
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The resonance Zoenan-f ic] ■! intensity for hPPII was obtained 
hy mCrasurinc the protc-’'' resonance freq-uency at that field. 

The g valne for a. particular complex was calculated hy com- 
p.-rison with DPPH, g = 2.r.036. 

Method of linear Regression: 

In Chapters ‘''"I and VII we present the results of the 
■variation of lineridth (AH) of the Ifo ' resonance lines with 
the intensity (H) of Zeeman field. The best fit between these 
two parameters was done by the linear regression method, A 
very brief introduction to the method of fitting by the linear 
regression method is given hero. 


This method states that if there are two simultaneously 
observed variables x and y, and if the two can be related by 
a linear equation of the form 


y = a + bx, (III. 3) 

r> 

where x is selected by the experimenter (H or H ), and y is 
the corresponding values at x (AH), the standard method of 
estimation in regression is to use those values of a and b 
which will minimize the sum of squares of deviation (say R) , 
between the observed y^ and the estimated R is given by 

R = 

= 2(yj_-a-bx^)^, (III. 4) 

sud the condition is 



eR 

Wb = 


0 . 


(III.5) 



40 


Thif? results in 



ly. 

a ^ 



(III. 6) 

and 

S(x^-x)yj_ 

"* p 5 

S(Xj^-X) 


h 

(III. 7) 

where k is the number of 

observations , 

(x^,y.,), (xgjVg), 


and x is the a'verage of x^. The root mean square 
de’viation (MS) is given hy 

Rl/lS=-\r|. (III. 8) 

We have considered the linewidth (peak-to-|)ea}c width 
of the derivative signal) to the corresponding Zeeman- field 
intensity, for two types of variation, viz., linear (H) and 
quadratic (H )« These -.equations are, 

(a) for the linear variation, 

AH = a + hH , and (III. 9) 

(h) for the quadratic variation, 

AH = c + dH^. (III. 10) 

The results are presented in Chapters VI and VII. 
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ILEGTROH PAiUl^AGl'IETIC KESONillCE OP FaV^'*' 

IN ZING ACETAIE DIlfiPKAS'E^'' 

Abstract 

2+ 

Electron paramagnetic resonance of Idn ion in mono- 

clinic zinc acetate dihydrate [Zn(CH^C 00 ) 2 * GH^O] has been 

2 + 

studied at room temperature. The Tfc ' ion, substituting for 
the Zn sites in the tetramolecular unit cell of Zn(CH^C00)2* 
ZHpO, exhibited the characteristic 30 line absorption spectrum, 
indicating that all the sites v;hich IvIq entered are magneti- 
cally equivalent. The spectra for the Zeeman-field direction 
along the principal axes have been analyzed for the spin- 
Hamiltonian constants. Besides the allowed (aM= + 1,Am = O) 
transitions, hype rf ine-f orb idden (A M = + 1, A m = + 1) transi- 
tions have been observed, when the Zeeman-field direction was 
off from either the principal z axis or the principal xy plane. 
Prom the doublets' separation of the forbidden transitions for 

the M = + 1/2 ^ -1/2 transition, the quadrupole constants for 

2 + 

Ifn in this system were calculated. 


* The Qontents of this chapter have been published in 
J. ]Physics Ghem, Solids 21 j ‘1419 (1970), 
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Introduction : 

The EPR studies of hoo"*! undilute'-’'' and diluted manganese 
acetate [l.In(CH^C 00 ) 2 *nH 20 ] have been carried out earlier. The 

EPR of undiluted !,']n(CH^C 00 ) 2 * 4 H 2 O v/as stiidied hj'' Ahe and 

12 3 

Uorigalci. Kumugai et al. , and Hayashi and Ono reported 

the EPR of Mn(CH^CO 0 ) 2 * 3 H 20 diluted in isostructural zinc ace- 
tate trihydrate [Zn(GH^C 00 ) 2 * 3 H 20 ] . In this chapter we report 
the EPR of in zinc acetate dihydrate [Zn(CH^COO) 2 * 2 H 2 O] , 

Crystal Structure: 

The crystal structure of Zn(GH^C 00 ) 2 * 2 H 20 was reported 
hy van Niekerk, Schoening, and Talbot. The unit cell is mono- 
clinic with dimensions 

= 14.50 i, b^ = 5.32 i, = 11.02 i, and 

p = 100°o’, 

The four formula units in the tetramolecular unit cell are 
derived by the operation of the space group C2/c, The pro- 
jection of the unit cell along its b^ axis is shown in 
Eig. IY-1,^ Eor C2/c space group, the eq[uivalent atoms or 
molecules are in the following positions: 

+ (0,u,'^; ■^>'d+'2 9 ^) 

for zinc atoms (u = 1/8.3), and 

— 1 11 11 1 \ 

+ (x,y,z; x,y,z+-^ ; x+'^,yt'-^,z; x+"^,'^ -y, zt-^ ) 

for other atoms or molecules. The zinc atoms lie on a two-fold 




H201 


@-c 



Hu. IV - 1 : 1 he monoclinic crystal struclurc' of Zn(CH3C00)^HH20 projected 
along it- axis. The numbers inside the circles reprc'sent the 
po sitions oi the atoms or mplecule.s along the bo axis in units of the 
unit cell dinu nsion along the axis (1 00 = S.iZ ^), 
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axis parallel to the h axis. The six rGarcst neighbors of a 
sine atom, forming a greatly distorted octa.hedron, are, two 
oxygen atoms (0^ and 0°) at a distance 2.17 % two more oxygen 
atoms of the two acetate groups { 0 ^ and Og) at 2.18 1, and the 
two water molecules (HpO and HgO^) at 2,14 2.. The atoms or 
molecules with the superscript 'o’ are obtained from the corres- 
ponding non-superscripted ones by a two- fold rotation parallel 

to the b axis through the zinc atom^ Tliese nearest neighbors 

2+ 

subtend angles at Zn as giwen below: 

0^-Zn-0° = 158°, Og-Zn-Og = 85°, and 
H20-Zn-H20° = 94°. 

The single crystals of Zn(CH^C00)g*2H20 grow as thin plates 
parallel to be plane. 

Results and Discussion: 

a. j0.1owed transitions: 

The EPR of in Zn(CH^COO) g* ZHgO has been studied at 

room temperature. The spectra for the Zeeman- field direction 
along the three principal axes are shown in Rigs. 17-2 to 4. 
These have been analyzed for the spin-Hamiltonian constants 
(as described in Chapter III), and these are, 

g^ = 2.0013 + 0.001, g^ = 2.0014 + 0.001, gy = 2.0024 + 
0.001, D = + 248.0 i;p.5&, E = -25.5 ± 1.5C, \ = -89.6 
+ 0.5&, = -89.9 + 0.5G, and iiy = -89.3 + 0.5G. 
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Por the Zeeman- field direction along the three prin- 
cipal axes only one group of 30 ( AM = + 1 , A m = O) transi- 
tions has been observed, Erom the space group operation 
relating the four molecules within the unit cell, and consider- 
ing Zn to be the origin, it is easily seen that the four 
molecules are identical in pairs, one obtained from the other 
by a reflection in the crystallographic ac plane. This ref- 
lection symmetry about the ac plane, and the two- fold rota- 
tional symmetry within each Zn(CH 2 C 00 ) 2 * 2 H 2 O molecule about 

the b axis, mai;e, as far as the phenomenon of magnetic reso- 

2+ 

nance is concerned, all the four Zn sites identical. Thus 
the EPR of which substitutes for Zn^"*" in Zn(CH^C00)2* 

2 H 2 O exhibits only one group of 30 allowed transitions. Similar 

2+ 

observations have been made In Mn -doped, tetramolecular cal- 
cium tungstate (CaWO^, space group I4^/a)^ and pyroxene diop- 

n 

side (CaMgSi20g, space group C2/c),' where also the reflection 
S3rmmetry of the four molecules about a plane and the two- fold 
rotational symmetry within a molecule about an axis perpendi- 
cular to this plane contributed to the appearance of a single 

2 + 

group of allowed transitions, for Mn substituting the diva- 
lent cations. The y axis of the principal system of axes 
coincided with the two- fold symmetry axis (crystallographic b 
axis) , 

The linewidths (peak-to-peak width of the derivative 
signal) were of the order of 7G-, while the sharpest line had 
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a width of about 50. This snalluess of the linewidth is 
due to the fact that four of t?je six ligands surrounding 
sitbstituting for Zn , are oxygen atoms, v/hich do not contri- 
bute to the dipolar interaction betvreen the paramagnetic ion 
and the spins of the ligand nucleus, because of their zero 
nuclear spin. 

The linewidths of the different fine-structure transi- 
tions were not same, those of M = + l/2 X- l/2 transition 
being the smallest and increasing with the transitions inwolw- 
ing larger quantum numbers of M. This variation of linewidth 
with the fine- structure transition has been observed to be 
minimum along the crystallographic b axis. This feature has 

R p 

been previously observed, ’ and has been explained by Tanier. 
The magnetic field for a fine-structure transition (for the 
simple case of axial symmetry) is given by 

H = + (2M. - l)I3(3cos^e - 1), (IT.1) 

vrhere M is the quantum number for the transition M - M + 1 
and 0 is the angle between the z axis and the Zeeman-field 
direction. Statistical fluctuations in the local crystalline 
field due to crystalline imperfections are reflected as fluc- 
tuations in the amplitudes of D and 9 (due to statistical 
fluctuations in the orientation of the axis of symmetry of 
the complexes). The larger dependence of the resonance field 
values, of transitions involving larger quantum numbers of M, 
on D, because of the multiplication factor 2M-1, and on 9, 
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Ido cause of the strong angular variation of these transitions, 
results in larger linev/idths for these transitions due to 
crystalline imperfections. 

h. H3riierfine-forhidden transitions: 

The intensity of the allowed transitions decreased 
very rapidly as the direction of the Zeeman field was changed 
from either the 2 aocis or the xy plane, and simultaneously 
hyperfine- forbidden ( AM = + 1, A m = + 1) transitions have 
been observed to increase in intensitj’-. These appear as 
doublets between the ( AM = + 1 A m = 0) transitions for the 
M = 1/2 ^ - 1/2 transition.^ 

H3rperfine-forbidden transitions have been observed in 

Oil iR 

many systems, of cubic, axial, ” and orthorhombic 

symmetries. These appear when the Zeeman-field direction is 
off the z axis. The occurrence of these transitions has been 
explained as due to second order mixing of the hyperfine cons- 
tant A, with the fine-structure constant a, D, or D and E, 
for the cases of cubic, axial, or orthorhombic symmetries. 
Bleaney and Ingram, who first observed these transitions, 
attributed them to the breaicdown of the selection rule A m = 0, 
when the Zeeman-field direction is very much off the 2 axis, 
and when the quadrupole interaction term (Q’) is comparable 
with B. Later Ludwig and Woodbury,”*^ and Bleaney and Rubins, 
explained the occurrence of these transitions as due to the 
second order mixing of S and I, of the form ± 
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ai'id I = il,). in'jensitics of ttiose transitions 

ix-la’-iv.- to the allov/ed transitions have hecn calculated by 
Pri(. draan and lovv/-^ and Bleancy and riubins.^^ According to 


therr authors, 




intensity variation is of the form 


3D^sLn^0cos^P/A^y and I)^sin^ecos^e/(gpH)'”y‘^ where 9 is the 
angle between the z axis and the Zeeman-field direction. But 
in some cases, and also in the present case, the relative 


intensity variation has been observed to be very much larger 
than predicted by the above expressions. Por our case, the 
intensity of the forbidden transitions relative to the allowed 
transitions for different values of 0, in the zx plane, is 
given in Pig. TV-5. Por 0 > 15°, the forbidden -transition 
intensities were very much stronger than those of the allowed 
transitions. The strong intensity variation of the allowed 

22 

and forbidden transitions with 0 has been explained by Bir. 

Por paramagnetic ions with S > 1/2 and I / 0 placed in a 
crystalline field, the hyperfine-structure transitions occur 
as a combination of a transition of the electrons in the ion 
and the nuclear spins from one state to another. Since the 
effective magnetic field associated with the hyperfine inter- 
action is much greater compared to the Zeeman field, the q.uan- 
tization axis for nuclear spins is the direction of the 
effective field. This effective field is determined by the 
state of the electrons in the ion and 0, and hence is not 
along the Zeeman— field direction when off the axes. The func- 
tional dependence between the direction of q.uantization axes 



I 





; ij-,. IV-5: The intensity of the hyper fine -for bidden {AM~±1, Am = ±l) 

transitions relative to the allowed {AM = ± 1* Am = 0) transitions 
for the Zeeman-field direction making 0°, 10°, and 15° with the 
z axis in the zx plane. The allowed transitions are the m « -1/2^- 1/2 
' and + 1/2 a +1/2 transitions of M » + 1/2 - 1/2, 
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?jid the electron states leads to lack of orthogonality between 
■Vearions nuclear spin projections and the nuclear spin func- 
tions. The overlap of the nuclear spin functions, along with 
the transition betvreen the initial arid final states of the 
ion, contributes to the matrix element of a hjrperfine-structure 
transition, and leads to the occurrence of hype rfine- forbidden 
transitions. The overlap integral of the nuclear spin func- 
tions is very strongly dependent on the angle between the 
quantization axes for different states of the electron, which 
is the reason why the intensity of the hyperfine-structure 
transitions is so strongly dependent on 0. 


The hyperfine (AM=+1, Am=+1) forbidden transi- 
tions appear as doublets between the (AM = + 1,Am = o) tran- 
sitions of the M = + 1/2 4^ - 1/2, transition. The separation 

1 8 

between these doublets is given by 


H 


Hi! 

H 




SP 


H - [Q'(3cos^e - 1) + 3Q’'sm ecos20] 


x(2m + 1) + [-^^(Scos^e - 1 ) - + l),(rv.2) 

0 o 

1515 

where Y is the gyromagnetic ratio of the nucleus^ is 

the nuclear magneton, 9 and 0 are the polar angles, and B is 
the average of and iy, m = -5/2 corresponds to the doublets 

occurring between m = -5/2 and m = -3/2 allowed transitions, 
etc., and Q’ and Q" /are as given in Eq. (II. 19). The doublets 
between the allowed transitions for the Zeeman-field direction 
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making aji angle of G -- ■’0°, in the zx plane (0 = 0°), with 
ih.c 3 axioare chovai in Pig. T7-6. From the doublets’ sepa- 
rations at a.nglcs 0 = 10° and 15° from z axis in the zx plane, 
Q' and Q” liave been calculated, and these arc 

Q’ = 0.40Ct and Q" = 4.7G. 



38. 8G 
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GrfiPTER V 


Gi-CTROr: PARi\i'i..¥!E.EI'IC SEt^OUA^'TCE OF 
IE FERROUS ilfi’EiTIUJ! SUlFiEE HEXIRITDRAIE* 


Abstract 

p-f 

Electron paramagnetic resonance of Mn ion has been 
stTulied in ferrous ammonium sulfate hexahydrate ]^Fe (UH^)2(S0^)2* 

"I o 2 “f" 

6H20j from room temperature till 77 K. The Ifn ion was 

found to substitute for Fe and exhibit two inequivalent mag- 

netic complexes corresponding to the two Fe sites in the 

unit cell of Fe(NH^)2(S0^)2* 6H2O, From room teraperafure till 

77 °K, no noticeable effect of Fe^"*” on the EPR of has been 

2 + 

observed. The sp in-Hamiltonian constants of Mn in this sys- 
tem have been compared with the corresponding parameters of 
Mn^"*" in isostructural compounds. This comparison gives a 
qualitative idea about the coordination of the octahedron of 
the six water molecules surrounding Fe in Fe(]!TH^)2(S0^)2* 
6H2O, whose detailed crystal structure has not been studied 
so far. 


* The contents of this chapter have been published in Chem. 
phys. Lett, 4 , 550 ( 1970 ). 
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’ 3,1 T'l dlVt, 


o 001. p. I", thf‘ de'.2.ili-' of the Interaction of a paramag- 
rv-tii'' inn (liK'. tlio f.ino-r: i'-ructure and hyperfine-structure 
inlcr'ct ionc) i.n a;i EPR Fnectrura, the interaction "between the 
varaniamietic ion." Ir: reduced hy using magnetically dilute 
mixed cr3.*r.tale, vfneve most of the paramagnetic ions are re- 
plneod by diamagnetic ions."' liirther it has been observed^ 


that the paramagnetic ions vjhose spin-lattice relaxation time 
id short at room temperature can also he used in place of the 
diamagnetic ions, till high enough temperatures so that the 
r.pin-lattice relaxation time of the diluting ion does not 
approach the larmor precession period of the resonating para- 
magnetic ion. The ions which belong to this class are, most 

" 5 + 2 + 

of the paramagnetic rare earth ions excepting G-d and Eu , 

Xx 2+ 2-f 4 

and Ti"^ , V-'^ , Pe , and Co in the iron group series.^ Using 

■5+ 

these rare earth ions as the diluting ions, the EPR of Gd*^ 

c:; 

has been studied at room temperature by Ilpreti" and Singb 

6 i o 

et al. ^ ^ The present and the subsequent two chapters deal 

?+ 2+ 
with the EPR of l‘ti , where the diluting ions are Pe and 

Ni^"^ respectively. This type of study is useful in two ways. 

2+ 

Pirstly, the effect of the diluting ions on the EPR of Mh 

2+ 

can be studied, and secondly, the EPR of Mn can be used as 
an effective probe to reveal the symmetry and strength of the 
crystalline field at the Ih^"^ ions doped in these lattices. 
This is specially interesting since the detailed crystal 
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I'f'i.' ■ 'v. oi'i’.-n nulfa'ce hexeliydrate [Fe(NH^) 2 (S 0 ^) 2 * 

1 - ^fi r aVi-revipted as PASH], v/hicb iDelongs -fco a group 

i.-’ic ■ i,r'il CiM;:i)ou!''.:i:‘ - Called Tuttou’s salts, has not been 
r. ( 0 , 1 0 t;ic lest cu' our Iciov/ledge. 

Tut-'on’r sail;,; have heen studied by SPR since the early 
.in:;/ ^ ' rr.ainly in salts v.here Ri“'*’ and Cu^"^ are the divalent 

t,*a’ icr/', ’ and in Rn" -doped magnesium amraoninm sulfate 
hcxa’y.-drate [:>(;Ri^)2(S0^)p*5H20j , and zinc ammonium sul- 
fate h/xahydrate [Zn(:iE^_) 2 (S 04 ) 2 - 6 H 20 j Though the overall 

unit cell symnctr:’' and the space group are same for all the 
Tul Ion's salts, the distances and relative orientations of the 
ligands around the divalent cation for the two sites in the bi- 
molccular unit cell may vary. 

C r 7 ,a!-» al Structure : 

PASH belongs to a group of isostructural compounds, called 
Tutton»s salts. The general chemical formula of a Tut ton’s salt 
is of the form M" ^ divalent cation, 

like Zn^’*', Pe^*^ etc., M' is a monovalent cation, like (RH^) , 

etc., and X is S or Se, The unit cell symmetry of the Tutton's 
salt is monoclinic and has two molecules related by the opera- 
tion of the space group P2^/a. in x-ray study of the struc- 

21 

ture determination of these salts was made by Hoffman, However, 
of the many compounds, detailed crys tal structure has been studied 

* These references do not form a complete list. Only a few 
are quoted for general reference. 
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f-r Vi;.., ;.,-(':H^)j(SO^) 2-6H20,^2 Zna!H^)2(S0^)2-6H20 

.-. 0 .^^' The unit cell dimensions of PISH, 

rr ,i-( .■:.^^)2^S0^^)2*6H20 and 3 n(NH^) 2 (' 30 ^) 2 * 6 H 2 O are 
* 20 


2’'.urjt:er. 


These are 


1 , » V » 

L < j( •» - * 

■- \30 I , 12 = 12.60 c = 6.23 i, 

jt " ^ o 

aild = 106 ° 50 ’, 

frr i'f 

- 5.524 2 . -b^ = 12.597 i, = 6.211 i, 
and p = 107 ° 8 ’ , 

and for Zn( 111 ^) 2 ( 30 ^)^ 61120 ; 

n = 9.233 i, 1 ) = 12.500 i, c = 6.237 i, 

■ 0 o 

and p = 106 '' 52 ’. 

The projection of the unit cell of one of the Tutton’s salts, 
vis., Ug(HH^) 2 (S 0 ^) 2 ' 6 H 20 , along its c^^ axis is shoTOi in 
Fig. divalent cations are at the positions, 

i i 

( 0 , 0 , 0 ) and (^, 2 j 0 ), 

while the other atoms and molecules are at, 

+ (x,y,z;) and +(x+^, “^-yjz) . 

The divalent ion is surrounded hy an octahedron of six water 
molecules . 


22 





© 

Mg 

© 

H2O (1 ) 

© 

H2O (1 ) 

© 

H2O ( 3 ) 

© 

NH4 

© 

S 

©‘ 

— 


' ii;, V-l, 1 he jnonociijiu -.Lructure of M • (-1 l^U 

proj ■■ ted dloiig ils axi-i. The numbers inside the eirt'les 
repre^jent th*. posiliou.; of tiic 'utorne or moh-cules along the 
axis in units of tiic unit coll dim n-ion along the axis 
(loo ~ 6.2 71 J^). For the other tnolcculo of liie iinit cell, 
the position^ of Mg and li20(i) arc given. 
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Ro::ult!' and Discussion: 

P4- 

■ihe EPR of Ivtn in PASH has "been studied at room tem- 
perature, The spectrum exhibited the characteristic magnetic 
i>iequivalency for the ions, which go substitutionally to 

Fe ' in the bimolecular imit cell of PASH, The z axes of the 
two magnetically inequivalent complexes have been obtained by 
obtaining maximum spread of the fine -structure separation. 

The SPR spectrum for the Zeeman-field direction along the z 

2+ 

axis of one of the complexes of Mn is shown in Fig, "^-2, 

This has been analyzed for the spin-Hamiltonian constants (as 
described in Chapter III), and these are, 

g^ = 2,0037 ± 0.001, D = -248.2 + 0,5G, 

A = -94.0 + 0.5G, lE| = 49 + 50, and 1 b| = 98 + 5&. 

Iron has a (3d) outershell configuration and a ground 
state The five-fold orbital degeneracy is lifted in a 

crystalline field of cubic symmetry into a low-lying doublet 
and a triplet. Teims of orthorhombic symmetry in the crysta- 
lline field lift the orbital degeneracy completely. The action 
of the spin-orbit interaction removes the spin degeneracy leav- 
ing the ground state a doublet with the other levels lying 
several crn'"'^ above. Thus the effective spin of Pe^"^ is l/2. The 

24 - 

spin-lattice relaxation time of Pe is very small at room 

2+ 

temperature and the observation of EPR of Pe requires very 

12 

low temperatures. 
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At room temperature tbc linev.’idths of the EPR spectrum 

of ir. FASK v.'ere of the order of lOG, characteristic of 

trosi" In a diluted diamagnetic hjrdrated lattice. The EPR has 

a.lr : hOc;ii studied in the temperature range 300°K-77°K. No 

noticeable effect has been observed, either in the linewidths 

or in the g v''lue. The EPR of Pe^"^ in PASH was observed at 

2oa;-^c:4- Q^-f; temperatures where the spin-lattice relaxation 

2 + 

time if. smaller than the larmor precession period of Iti , the 
effect of Pe^"^ on Ifn"'*’ is not .felt* This explains the obser- 
vation, in the temperature range studied, of the linewidths 
of I'ln^"*" in PASK like those in a diamagnetic hydrated lattice. 

Our observations are compared with the EPR studies of 
in other Tutton’s salts. This gives a qualitative idea 
of the local symmetry at Pe^*', especially in the system where 
no detailed crystal structure is available. The comparison is 
given in Table V-1. 

In all t'n,^ salts quoted in the Table Y-1 , D and E are 
very nearly of the same magnitude. Thus qualitatively it can 
be concluded that the coordination of octahedron of water 
molecules at the divalent cation is nearly same for all the 
three systems, both as regards to the symmetry and the distances 
from the divalent cation. 

The angle between the z axes of the two magnetically 
inequivalent Mn^"^ complexes in PASH has been found to be 70+5®. 
In the case of in Zn(M^)2(S0^)2-6H20, this angle has 
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r'jl’BLE 7_1 

o: Lr'-:’r’r:i,lT.orjipja Eprftnet.crs of in Tuttoii's Salts 

at Rooi^i Temperature + 


hoo'. lattice: 

D E 

B 

Reference 


(in units of 

cm“”' X 10“"^) 


■ )c)(S0^ )2*6H^0 

231 60 

90 90 

[15] 

y-.( '!v,)p(S0^.)2*6T-l20 

o 

o 

-91 -91 

[17] 


-232.5 45 

-89 91 

[Present 

study] 

•z 

Ono and P.ayashi have observed the EPR of 
11, and Oo ammonium sulfates, hexahydrate. 

Mh^"^ in Fe, 
but no para- 


in*'"- 1 e r G ar * - p i ven . 

?+ 

+ Only the SPR of Mn is tabulated, though other di-valent 
ions like Cu2'+’ have also been studied. 

been reported to be 64°. In the case of Mn^*^ in Mg(NH^)2(SO^)2* 

1 S 

6H,-,0, ■ it has been reported that two maxima were observed, one 

each in fnid KbK, planes, at approximately 30° from .either 

ii, or Kr.. Tf these two maxima correspond to the directions of 

A ^ 

2+ 

the Zeeman field along the z axes of the inepuivalent Jfin sites, 
then the corresponding angle is 75°. 411 these angles are al- 

most of the same magnitude, which indicates that EASH has very 
nearly the same configuration of ligand water molecules as in the 
other two Tutton’s salts. The cplculated angle between the two 
z axes in the case of Mg(NH^)2(S04)2‘6H20, assuming that the 
distortion is along Mg-0, where 0 is the oxygen ion of the HgO 
v/hich is nearest to Mg, comes out to be 70°. 
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"r. ': '.:r,.ETia RESONiUicE oe 

■ ; .'CKEL .1CE?;E'E TETRj'iHIDR.lTE'' 


Abstract 

24 - 

j' r/TPriafpictic resonance of lin bas been 

1 L,;. i.ii-b',/ acetate totrabydrate [Ei(CH^C00)2*4H20] at 

r • i.rr'i'ir-, . The I'n'^’*’ ion was fovjid to sxibstitute for 

I'ii •*].>: b Irrl'c-cnlar imit cell of Ni(CH^C 00 ) 2 * 4 H 20 and 
, ■/: i],;i ■•}'.* i’i,aract<' ri.’tic magnetic inequivalency. Besides, 

■ r* i'rnanc* linor exhibited a direct dependence of tbe 

M'.- bhi .n; th' Scomnii-field intensity, and a shift in tbe 
vrtlv*‘ t ownrdv.’ tb* ncigative side, from tbe corresponding 
vniu* ft'-r lh ,‘ iTi ii’ostructural magnesium acetate tetrabydrate 
! y . These features have been explained in 
P.iii-r of -the interaction of ion with tbe Ei host ions. 


The contents of this foSl 

next chapter, have been aeoepted for puhlication in J.onem. 

Pbys. 
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r?7 '1 jf’ : 

The rent ccra'.onl'; used dilutants, for reducing the inter- 
ne:, ion betv/een naramagne cic ions, are diamagnetic ions in mag- 
nrticnlly dilute mixed crystals. Besides, some paramagnetic 
i.onc also were found to act as proper dilutants under certain 
con'jitiorjG. Paramagnetic ions whose spin-lattice relaxation 
time is short at room temperature can he used in place of the 
diamagnetic ions till high enough temperatures, so that the 
spin-lattice relaxation tire of the diluting ions does not 
approach the Laimor precession period of the resonating para- 

p *2 

magnetic ion. Besides, paramagnetic ions whose ground state 

splitting due to the surrounding ciystalline field (ZPS) is 
much larger than the irradiating microwave frequency, can also 

3 

he used in place of the diluting diamagnetic ions. The ions 
which belong to this class are those with even electrons and 
hence have no Kramers degeneracy, and M is a good example 
in the iron group series. The present chapter deals with the 
EPR studies of Mn^‘*’-doped nickel acetate tetrahydrate 
[Hi(CH^C00)2‘4H20] at room temperature. 

Crystal Structure: 

The crystal structure of ]lTi(GHjC00)2*4H20 has been 
determined by van Biekerk and Schoening.^ The unit cell is 
monoclinic with 

c^ = 8.44 i, 


= 4.75 i, b^ = 11.77 i, 
and p = 93°56’, 
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■■'i. ; two rnolf'ciileo related "by the operation of the 

* !"'**' I2^/c. For the space grop.p P2^/c, the positions 

’"itoni::'. fwv j 

(0,0,0) and 

: ’ , .r ri i ( • ■•o', 'J at o m , an c 

+ (3:,y,2:;x,~_y, z+l ) 

lor oti'fT atemr and molecules. Each nickel atom is surrounded 
by a distorted octahedron of four water molecules at distances 
2.00 ?L ajid 2.11 and two oxygen atoms of the two acetate 
rroupr at 2.12 2,. 

^'he crystals of ni(CH^C0O)2*4H2O grow as prismatic 
n- cdles along tho c axis.-^ The projection of the unit cell of 
M i(C1I^^C00)2*4H20 along its a^ axis is given in Fig. 71-1.^ 

Results and Discussion: 

a. ilnalysic of the spectra: 

The EPR of in Tli(CH^COO) 2*4H20 has been studied 

at room temperature. The different magnetic complexes were 
found hy studying the angular variation of the resonance 
spectrum. The z axes of these complexes were obtained hy get- 
ting the maximum spread of the fine -structure separation. Two 
fine-structure maxima were obtained corresponding to the two 
magnetic complexes of Mn^'*' substituting for Ni^"^ in the bimo- 
lecular unit cell. The two z axes make an angle of 'v^ 58° 
with each other and 60° with the crystallographic b axis. 




5A 


O Ni 
© HoOd) 
0 H20(2) 

© 0 ( 1 ) 
© 0 ( 2 ) 
© C 

® CHj 


Vl-1 


The n^oi.ocliaic rry.tal .triu-turr uf NUCH3C00)2-4H20 
» ! T. axi‘;. The numbers inside the 

arclcta P Ji^p^ations of the atoms or molecule 

alont ihe a axis in units of the unit cell dimension along 
the a axi/(100 4.75 M), For the other molecule of the 
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Fr'.’):ri thepe obser’vntions , it has been concluded that lfa-H 20 (l) 
foriT!s the 3 axis of the distorted octahedron of four water 
ip.olpcules and two oxygen atoms surrounding the ion subs- 

tituting for Ni , 

The E?R Spectrum for the Zeeman- field direction along 
the z axis of one of the magnetic complexes of is shown 

in Fig. ¥1-2. This has been analyzed for the spin-Hamiltonian 
constants (as described in Chapter III), and these are, 

= 1.996 + 0.005, D = +462 + 50, A = -90 + 5G, 

|El = 90 + 10G, and |b1 = 90 + 10G. 

b. Effect of Ni^^ on the EPR of 

As far as the general resonance properties - like the 

04. 

syrnriotry and the strength of the crystalline field at llki , 

tbf.' angle between the z axes - are concerned, the present 

2+ 

system behaves like a system where l!h is doped in an iso- 

structural diamagnetic lattice , viz. , magnesium acetate tetra- 

hydrate [?'fg(GH^C00)2*4H20] . In addition, however, a regular 

2 + 

increase in the linewidth of Mn resonance lines with the 

Zeeman-field intensity, and a shift in the g^ value towards 

2 + 

the negative side, from the corresponding value of Mn in 
isostructural Mg(CH^C00)2*4H20, have been observed. 

Hickel has a (5d) outershell configuration and a 
ground state Under an octahedraily coordinated crystalline, 

field, the ground state of this even electron system is orbitally 
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iio;.-clo.::c'’';c;rate . ^ 'hider tho action of the crystalline field of 
orT;ijorhor'r'ic or lovver symmetry, the snin degeneracy is also 
removed. ^ Ihe f^eparations between the groimd state spin trip- 
let are jDj-lEj and |2E|, ?liere D and E arc the fine-structure 
constants for Ni^ ' in that particular system. These for 
. ; i ( a co'i ,, • /! n,. 0 arc , ® 

E = -5.61 cm""' and E = -0.83 cm""' , 

Those splittings arc. much larger than the X-band microwave 
frt'aiency ( vo.5 cm~ ) and hence the non-observation of the 
EPR of 

■'nriya and Obata^ have given a detailed account of the 

effect of paramagnetic ions whose spin is quenched by the 

P“h 

crysirilline fiol.d (like Ni , to be referred to as lattice 
spin), on tho EPR of a resonating parama.gnetic ion (like Ifa ) 
introduced in th(' system. Similar effects relating to the g 

10 

vr'.luo have hoen discussed and observed by Hutchings and Wolf, 

For these systems when the Zeeman field is set on, magnetic 
moments arc induced on the lattice spins due to polarization 
effect. Thin introduces an additional m.agnetic field at the 
rfj seriating spin, proportional to the magnitude of the thermal 
equilibrium value of the lattice spin and the coupling constant 
between the two spins. The frequency dependence of the fluctua- 
tions of this lattice spin, about its thermal equilibrium value, 
which for the case of Zeeman interaction smaller than the ZFS 
of the lattice spin, gives rise to the dependence of the 
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ST!iri-lattice and spin- spin relaxation times of the resonating 
spin on the Zeeman- fie Id intensity, and hence the linewidth 

04. 

variration of the Mn"' resonance lines with the Zeeman- field 
intensity. 

The m.agnitude of the g tensor along the z axis, for 

the present system, is smaller than the free spin g ^31x16, 

wh.ilc in case of the EPR of in isostructural Mg(CHjC00)2* 

4h-20, at room temperature, this was ohserTred to he 2.0069, 

larger than the free spin g ■value. The positix/e g shift, from 

the free spfn g -value, in the case of Mn^"^ in Mg(CH^C00)2*4H20 

has been explained on the basis of the effect of the covalent 

2 + 

b ending between the Iti ion and the surrounding ligands, 

N 1(011.^000)2 *41120 is isostructural to Mg(CH^C00)2*4H20, ^ and 

?+ 

one expects the same magnitude of ZPS of Mn in this case 

also (which is really the case), and a corresponding positive 

g-shift, from the free spin g value. The negative shift in 

the g^ value in the case of ' in Ii(CH^COO)2*4H20, from 

that of in Mg(CH^C00)2*4H20, has been attributed to the 

2+ 

polarization effect of Hi , which produces a local magnetic 

2+ 

field at the Mn ion in addition to the Zeeman field. Prom 

the shift in g^ value of Mn^"^ in Ni(CHjC00)2' 4H2O, from the 

corresponding value for Mn in Mg(CH^C 00)2 *41120, the Inten- 

2+ 2+ 

sity of the local magnetic field at Mn due to Ui has been 
fo-und to be 20 G-, for the Zeeman- field direction along the 
2 axis of one of the magnetic complexes. 
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bbst fit calculation has heen made of the linewidths 
of '-he I'.ii rcsononcG lines (peak-to-peak vadth of the deri- 
vative si;?:npj) for linear and puadracic variations with the 
Zeeran-field Intensity, a,long the z axis of one of the 
magnetic complexes using the linear regression technique (as 
descrihei in Chapter III). Due to the overla,p of the lines 
of the second magnetic complex, and the week intensity of 
the transitions at larger Zeeman-field intensities, the 

number of resonance transitions considered for the best fit 

2+ 

was- limited. The linewidth of the Mn resonance transition 
( A I!) and the corresponding Zeeman-field intensity (H) con- 
sidered for the best fit are given in Table VI-1, wherein 
only well resolved lines have been taken. 

lllBlE VI_1 

The Zeeman-Field Intensity (H) and the Corresponding 
Linewidth (AH) of I'.'n2+ Resonance Lines in iTi(CH^C00)2*4H20 


H (vganss) 

A H (gauss) 

1285 

20.3 

1370 

21.7 

1455 

23.7 

2212 

27.1 

2396 

31.9 

2570 

33.9 

2660 

40.7 

4013 

47.5 

4190 

47.5 

,i ‘’“i -"I 

4478 

48,8 
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"■’r.v. equation':.' used been, 

AH = a + bH, (VI. 1) 

for tb-. case of linear varistion of AH v/ith H, and 

AH = c + dH^, (VI. 2) 

for tbr case of qu.adratic va,ri?-tion. Tbe -values of these 
uarameters are, 

a = 10.01, b = 0.0091, and the root~inean-square(RMS) 
dev iat ion = 2 . 574G , 

and c = 21. 2G, d = 1.57x10"^G"^ end RI© = 3.180. 

A brief re-port of the theory concerning the effect of 

0 + 0 + 

Mi"' diluting ions on the EPR of Mh is given in the 


Appendix 
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C.’IIPTER VII 


:i:UOTROr. PARiL^IAi-r^IETIC KESONAI'JGE OP 
: HDP^'AiriDRATE]) S'JIPATES OP IiICKEL AITD liAGIIESim! 


Abstra.ct 

P-f* 

Electron paramanretic resonance of Itn has been 
ctMclied in the isostructural single crystals of nickel siiL- 
fatc heptahydrate (NiSO^ *71120) and magnesium sulfate beptaby- 
drote (:'gS0^ ’THpO) , at room temperature. Tbe ffin ion was 
found to substitute for tbe divalent cations in tbe tetra- 
molecnlar unit cells of NiS 0 ^* 7 H 20 and ?'!gS0^ • 7 H 2 O, and exhibit 
the characteristic magnetic inequivalency. Besides, tbe Mn 
re''onaJ'ice lines in NiS 0 ^* 7 H 20 exhibited a direct dependence 
of the linewidtb on tbe Zeeman-field intensity, and a shift in 
tbe value towards tbe negative side, from tbe corresponding 
value for in MgS0^*7H20. These features have been explained 

in terms of tbe interaction of Mn ion with tbe Hi host ions. 
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Introduction : 

In studying the EPR of paramagnetic ions, diamagnetic 
ions are most commonly used as the dilutants in magnetically 
dilute mixed crystals, so" that there is no appreciahle inter- 
action between the paramagnetic ions themselves, or with the 

*1 

ions of the diluting medium. There exist certain paramagnetic 

ions, which can act as proper dilutants under certain conditions. 

Paramagnetic ions whose spin-lattice relaxation time is short 

at room temperature can be used as dilutants till high enough 

temperatures, so that the spin-la.ttice relaxation time of the 

diluting ion doef^ not approach the larmor precession period of 

2 5 

the resonating paramagnetic ion. ’ Besides, paramagnetic ions 

whose ZPS is much larger than the irradiating microwave fre- 

" 2 . 

quency, can also be used as dilutants.-'^ The ions which belong 
to the second class are those v>ath even number of unpaired 
electrons, and hence have no Kramers degeneracy. In a crys- 
talline field of lower-than-axial symmetry?- the orbital and 
spin degeneracies are completely removed, by the combined action 
of the crystalline-field and spin-orbit interactions. Divalent 
nickel is a good example of this class of paramagnetic ions in 
the iron groun series. In Chapter YI we have dealt with the 
EPR of Mn^**” in one of the nickel compounds, viz. ,Ki(GH^COO)2* 
4 HoO. The present chapter is an extension of the similar type 
of study in nickel sulfate heptahydrate (NiS0^*7H20) , at room 
temperature. Por a comparative study, the EPE of Mn in 
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isostructural magnesi-um sulfate heptahydrate (MgS0^*7Hp0) has 
also been studied at room temperature. 

Crystal Structure; 

HiSO^'THgO and I'IgS0^»7H20 are isostructural with 
orthorhombic unit cell symmetry. The crystal structure of 
I'TiS0^*7H20 has been determined by Bee'vers and Schwartz.^ The 
unit cell is tetramolecular, the four molecules being related 
by the oneration of the space group P2^2^2^. The unit cell 
dimensions are,'^ 

for IUS0^^*7H20: 

= 11.86 i, b^ = 12.08 S, and c^ = 6.81 S, 
and for l".!gS0^*7K20: 

= 11.91 b^ = 12.02 and c^ = 6.87 i. 

For the space groun operation P?^2^2^, the atoms and molecules 

are in the positions 

— 11 — -1 11 
(x,y,z; x,y,z+'^;x+2'j^-yj z; ^-z). 

Each divalent cation is surrounded by six water molecules, 
[H20( 1 )-H20(6)] 5 at distances ranging from, in the case of 
HiS0^*7H20, 1.93 S. - 2.40 £. The seventh water molecule, 
H20(7), is not coordinated with a cation, but instead fills 
what would otherwise be a hole in the structure. 

The single ciystals of WiSO^*7H20 and MgS0^»7H20 grow 

6 

as prismatic needles along the c axis. The projection of the 
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unit cell of lIiS0.*74o0 alon.p; its c axis i:' sIioto in Pig. 71 1- 1 

c " O 

Results and Disciission: 

a. inialysis of the spectra- 

The EPR of Mn'^’^ in lTiS0.«7H^0 and Mfff'O . • 7HoO has been 

4 c. 4 c 

7 

studied at room temperature. Hayashi and Ono ha-ve studied the 
EPR of Mn"' in MgSO^*7R20, hut the constants were not reported 
accurately. We have studied the system once again 8.nd deter- 
mined the constants accurately, for comparison with the results 
on iln'^'^-doped NiS0^*7Hp0. The different complexes of Mn^”^ in 
IJiSO^ ’ 71^00 and ¥sSO.'W-nO were found h 3 ^ studying the angular 
variation of the resonance spectrum. The z axes of these 
complexes v-ere obtained hj'- getting the maximum spread of the 
fine- structure separa-tion. Pour fine-structure maxima were 
obt.-ined corresponding to the four magnetic complexes of Mn 

04. 04 Q-h 

Guhstituting for Ni and Mg^ . The z ax:is of each ¥ja com- 
plex in !IiSO^*7HpO makes angles of '^32°, 53°, and 55° with 
the z axes of the other three complexes. This coincides fairly 
closely ’With the supposition that the z axis of the distorted 
octahedron of six v/ater molecules is along the line joining 
manganese and the water molecule at shortest distance from 
nickel, viz., H20(3). 

The EPR spectra of Mn^"^ in HiSO^»7H2*^ MgS0^*7H20, 

for the Zeeman-field direction along the z amis of one of the 
magnetic complexes, are shown in Pigs. YII-2 and 3, respectively. 
These have been analyzed for the sp in-Hamiltonian constants 
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© H20{1) © S 



© H20(6) 


i Vil- t . i Le Tio j-iiunibic cry-ital vtraclure of Ni:iC)^* 7 4^0 projected 

caioii; ife Cq ll't. naniLt'r.^ iii 4dr the >hrch ^ represc^rd- tlie 

}*»c of tin or n.'ulecules along ih© c axi^ hn unit - ( ^ 

^ C} 

the unit t;cll din.c'osion along tht (lUU = 6, Hi A >. I A'> 

jcvt.*nth H>0, which i.s not coordinated to the nickel aton,, i;^ 
douul/ ritvgtd. hor the other rryulecules the po;;iti(jn5 of Ni and 
I]2.0( i) are given. 
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{vs described in Glippter III), which ere, 
for in uiS0^, *7Hp0: 

f,, = 1.995 + 0.005, D = +448 + 50, 4 = -91 ± 50, 

iii ***“ “■ 

jsj r.- 74 Jr 10G, and jBj = 87 + 100, 

a. nd for Mn^'*' in FrSO^'THgO: 

= 2.003 + 0.005, D = +412 + 50, n = -92 1 50, 
jEj = 95 1 100, and |Bj = 87 + 100. 

The crysta, 1-field oa.rameters D and T in the tv^o systems 
are very nearly the same, indicating that the configuration of 

04- p4- 

v’ater molecules r-t Ni and Mg is very nea.rly same. The 
observed differences may be due to small differences in the 
distances of the water molecules from the cations in the two 
cases. 

b. Effect of Ni^"^ on the EPR of Mn^^s 

As far as the general resonance properties - like the 

p-h 

symmetry and the strength of the crystalline field at Ifo , 
the angle between the acces - are concerned, both the systems, 
NiS0^*7H^0 and MgSO^’TH^O, behave in the same manner. In 
a.ddition, in the case of in EiSO^*7HpO, we have observed 

a regular increase in the linewidth of ]!& resonance lines 
with the Zeeman-field intensity, and a shift in the value 
towards the negative side, from the corresponding value for 
Mn^”** in MgSO^ -7112,0. 
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'T’-;.-- rroir'i'i Fte.te C'nin triplet of in an octahedral 

crjc 11 in.: field, rr.ider the combined action of crystalline 

fioll of lov ■•■r-tban-ey ial sn/rs'inetr;/ and spin-orbit interaction, 

ban its spii. deaoior^^cy com.pletely removed.'^ The separations 

bet'ceon the components of the ground state triplet are jD| - |E 

and j2E|, where D and b are the fine-structure constants of 

'■f in that particular system. lor Ei^"^ in NiSO^^THgO these 
9 

arc , 

n = -3.5C cm“”' and E = -1.5 cm.””* . 

TiioPe splittings are much larger than the X-band microwave 
frequency ('^0.3 cm“ ) and hence the non-observation of the 
EPh of Ni^^. 

The effect of lattice spin, for the case v.hiere the spin 

?+ 

anrul-'T momentum is completely quenched, on the E'Pp of Mn ' 

introduced in that system has been studied detailedly by Moriya 

*1 0 

and Oba.ta, anrl the effects relating to the g value have been 

1 1 

discussed and observed by Hutchings and Wolf. Eor these 
systems, v'hen the Zeeman field is set on, magnetic moments 
are induced on the lattice spins, due to polarization effect. 
This introduces an additional magnetic field at the resonating 
spin (Mn^”^), proportional to the magnitude of the thermal 
•quilibriun value of the lattice spin and the coupling cons- 
tant between the resonating and lattice spins. The frequency 
dependence of the fluctuations of this lattice spin, about its 
thermal equilibrium value, which for the Zeeman interaction 
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^‘l.ler f^irr; the of the lattice spin, gives rise to the 

f,!..-nr;iidoi'!ce of the snin-lattice end snin-spin relaxation times 
the TV son at ill;'' spin on the Zeeman-f icld intensity. Hence 
tVi“ i Inev idths of lln" resonance lines exhibit a direct depen- 


?vi the Zecnan-field intensity. From the observed g 


z 


shift in the case of tin*" in HiS 0 ^* 7 H 205 from the corresponding 
valno for iji isostrnct-ural MgSO^-YHgO, it has been possi- 

b'ji.. to calculate the intensity of the additional ma-gnetic field 
at hr/ duo to Ili'^'^ in niSO^’TKgO. Assuming that the g^-shift 
is entirely due to the effect of Hi^"^, the additional magnetic 

p-j- 

fiold ir a. 15G at Nn ‘ , for the Zeeman-field direction along the 
r a::ir of tliet complex. 


A best fit calculation has been made of the linewidths 
of tlie I'in'" resonance lines (peak-to-peah width of the deriva- 
'f Ivt signal) for linear and quadratic variations with the 
Ze-j.mian-f iold intensity along the z axis of a magnetic complex. 
The method used has been the linear .'regression theory (described 
brLr'.fly in Chapter III). Only those transitions whose lines are 
clearly resolved have been considered for the best fit, and 
some representative values of these are given in Table VII-1. 


T;J3IE ¥11-1 


The Zeeman-Pield Intensity (H) and the Corresponding 
Linewidth (AH) of Mn2''' Resonance Lines in l'TiS0^‘7H20. 

H (gauss) AH (gauss) . 


2510 

3122 


13.1 

16.5 


. . . contd. . . 



3569 

4448 


18.1 
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20.3 

5166 21.6 

5266 22.0 

Ens. (VI.l)ajid(VI.2)\v ere used for the best fit calculation, 
and the parameters obtained are, 

a = 6.51&, b = 3.0x10"^, and W.S = 0.630, 
and c = 16.89G, d = 0.1x10~^G”^ and FJ1S = 2.340. 

A brief report of tbe theory concerning the effect of 
Ei^'*' diluting ions on the EPR of is given in the 

Appendix, 
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APPENDIX 


EFFECT or DILUTffiC- lOKS OE TFIS EPR OF Mn^'^ 

Chaioters PI aiid VII describe the EPR of Mn""^ in single 
?+ 

crystals of Ili' salts, and the results therein have been 
interpreted on the basis of the theoretical study by Moriya 
and Obata. Here a brief siimmary of their work is presented. 

The (3d) configuration of Hi in an octahedrally 
coordinated crystalline field has an orbital singlet as its 
ground state. The spin degeneracy is also removed completely 
in the presence of a crystalline field of lower-than-axial 
symmetry, by the combined action of the crystalline field and 

p 

spin- orb it interactions. Thus, in such an environment, both 
the orbital and spin angular momenta are completely quenched 

p-l- 

for the ground state of the Hi ion. In such a case the dia- 
gonal component (low-frequency component) of the ground state 
magnetic moment is zero, in the absence of the externally 
applied Zeeman field, and the Hi^'^ -ion is nonmagnetic. When 
the Zeeman field (H) is set on, magnetic moments are induced 
on this nonmagnetic state, because of the matrix elements con- 
necting the ground state, j0> and the high-lying electronic 

1. T., Moriya and Y. Obata, J. phys. Soc. Japan 1333 (1958). 

2. R. Schlapp and W.G-. Penney, Phys. Rev. 666 (1932), 


94 


i-.>, (hinh-frequency component of the magnetic moment), 
dnt to toe polarization effect. 'i]^e induced magnetic moment 
i^- proportional to H and |<n|H|o>|^, where F is the magnetic 
moment operator along the Zeeman~field direction.^ Since the 
lov.'-frecmency component is zero we have 


=0 (A.1) 

in Eq. (11.22), and hence the energy of this system can he 
written, upto second order in H, as 

E = T/q + 

= '^0 (^- 2 ) 
Moriya and Ohata^ have discussed the BPR of a resonat- 
ing spin (Mn^"^) introduced in a salt where the lli^'*’ are the 
diluting ions, and the effect of Ni^'*' on the EPR of At 

temperatures (T) such that kT < A (=E^_Eq), the thermal equi- 

2+ 

lihrium value of the Hi' spin is given as 


<V = 


(A.3) 


m 


m is the summation over the various spin states of the Ni spin an 


f is the statistical factor given hy 

f^ = exp(-\AT)Aexp(-EykT), (A.4) 

and (Sy)j^ are the diagonal elements of the p-th component of 
the Ei^"^ spin. Then the spin S of Ei^’^ can he written as the 

3. C. Kittei, ’Introduction to Solid State Physics’, App.B, 
p.578, Asia Publishing House, Lucknow (1966). 
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coritribution of two ter’^is as 


= <S> + ^,S, 


(A.5) 


wliere 6S is tbe fluctustion of the spin from its thermal equi- 
librium value. 

llovi we consider the Hamiltonian of the Mn ion, with 
the effect of the Hi ion on it. This is written as 


'U 




Mn-Hi’ 


(A.S) 


where is the Zeeman term in the spin Hamiltonian of Mn 


2 + 


and 


/"T 

Mn-Hi 


= constant x S S 


V =1 


(A. 7) 


r\ \ ^ 

'4ly is the V -th component of the Mn^ spin, is the coupling 


;Vy 


'V 


constant between Mn^"^ and Hi^"** spins, like the dipolar or ex- 


change coupling, and S. is the u -th component of the 3-th Hi 
spin, where more than one Hi^"^ ion are contributing to 
Bq. (1,6) is written as 

.'M = 0 Ji » 


.• 2 + 


(A.8) 


where 


and 


JP = gp(H + constant x S )*iJ (1.9) 


» = constant x ^S. )* 

VjTi 3 


(A. 10) 
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The tnenr.nl ermilibriui^i value of the spin produces 

p-f 

an additional field at ITn' , proportional to and <S . >, 

^ D Dy 

"En. (-1.9), in addition to the Zeeman field. This additional 
fiel<3 results in the g-shift, v.?hich has heen calculated from 

p-l- 

the a; value of the EPR of Ivin' in an isostructural, diamagnetic 
s alt « 

The effect of thr fluctuations of the hi""^ spin is 
ohtatoed hy considdrin?' the effect of 7£’ on J^q. This has 
heen done hy considering the motional effect, with the com- 
hination coming from the secula.r and non-secular effects. ^This 
loads to the dependence of 1/T^ and l/T^ on <6S^ (t)6Sy>, where 
T^ and T^ are the spin-lattice and spin-spin relaxation times 
of Mn^'*’, and 

6S^(t) = exp(itJi(Jj^/h)6S^exp(-it5i!;j^^./h). (A.11) 

<6S (t)6S > is further related to the difference between the 

V 

isothermal and isolated susceptihilities ( and Xj_g) in 
the follov/ing way. 

<6S^(t)6S^> = sCTy^^^^(t), (A. 12) 

n 

v'here G ’auto-moment' of the ETi^^ spin. 

{a V 


4. R. Kuho and K. Tomita, J. phys. Soc. Japan % 888 (1954). 
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(.'-. 13 ) 


y V yv ®v 

= kT(Xm-X.J 

1 is^uv ’ 


(A. 14) 


U '" ’ \) 


v;nore S3^e the y _th and v -th components of the g value 

of the ion in that particular compound. Since E is given 

by En. ^ VO hPve 

kT{ = 2«"5/2X<'''2 u><^2v»H,H^, {A.15) 

?■• function of the Zeeman-fieii intensity. Thus i/t^ and 
ano honce the v^'idths of Mn^*** resonance lines, exhibit a direct 
dependence on the Zeeman-field intensity. 


in t 
v.'itli 


The results that have been obtained in the EPR of Mn^'*’ 
o two salts (Chapters 71 end YII) are in oonllrmlty 

these predictions of the theory of Moriya and Obata.'' 





